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DObjective: The management of patients with tetralogy of Fallot (ToF) and pulmonary atresia (PA) with major
aortopulmonary collateral arteries (MAPCAs) is challenging. Frequently it is difficult to predict whether com-
plete repair with closure of the ventricular septal defect (VSD) will be tolerated. The aim of this study was to
investigate whether measurements of preoperative pulmonary blood flow are associated with early postoperative
outcome after VSD closure.
Methods: In this retrospective study, the data from 10 patients who had undergone a cardiac magnetic resonance
imaging study with flow measurements before attempted surgical complete repair were collected. Systemic
blood flow (Qs) was calculated as the sum of descending aortic blood flow distal to the MAPCA origins and
superior vena cava flow. Pulmonary blood flow (Qp) was measured either from the sum of the pulmonary
flow (n ¼ 7) or calculated as the difference between ascending aortic flow and Qs.
Results: Preoperative Qp/Qs averaged 1.71 0.68 and correlated inversely with right ventricular systolic pres-
sure (relative to systolic blood pressure, r ¼ 0.75, P ¼ .03) and positively with the total neopulmonary artery
index (TNPAI, r¼ 0.66, P¼ .04), as measured by fluoroscopic angiography. Two children did not tolerate VSD
closure. This was likely related to bronchial compression in 1 patient while the other had the lowest TNPAI and
the lowest Qp/Qs of all patients.
Conclusions: CMR provides not only anatomic but also functional information for surgical decision making in
patients with ToF and PAwith MAPCAs. Preoperative Qp/Qs is associated with postoperative right ventricular
pressure and may be a marker of readiness for VSD closure. (J Thorac Cardiovasc Surg 2013;146:1185-90)Management of children with tetralogy of Fallot (ToF) and
pulmonary atresia (PA) with major aortopulmonary collat-
eral arteries (MAPCAs) has 2 principal goals: (1) to unifoc-
alize the pulmonary blood supply and connect it to the right
ventricular outflow tract and (2) to close the ventricular sep-
tal defect (VSD), baffling the left ventricular outflow tract to
the aortic valve. Strategies to achieve these goals must be
individualized to match each child’s unique anatomy of pul-
monary blood supply. It has been hypothesized that the
combined size of all arteries supplying the lungs, including
those arising from the aorta and its branches, is a better pre-
dictor of postoperative outcome and ability to close the
VSD than the number of lung segments supplied by the
so-called ‘‘native’’ pulmonary arteries.1 In part because of
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The Journal of Thoracic and Carpurely anatomic markers appear not to be optimally suited
to predict subsequent right ventricular pressures after
VSD closure.2 Cardiac magnetic resonance imaging
(CMR) has been used to aid in surgical decision making
in a number of complex congenital heart defect entities, in-
cluding patients with aortopulmonary collaterals.3-5 It has
been used to image MAPCAs but has never been reported
in the assessment of pulmonary blood flow in this
setting.6-11 The aim of the current study was to assess
whether total preoperative pulmonary blood flow is
a predictor of postoperative outcome after complete
repair, including closure of the VSD. The decision-
making process in a clinical case is described to illustrate
how functional CMR can be used to plan a therapeutic strat-
egy for the individual child’s anatomy and physiology.METHODS
After approval from our institution’s research ethics committee, we re-
viewed the imaging results, demographics, and surgical details of 10 con-
secutive patients who had had a CMR study before complete repair of ToF
and PAwith MAPCAs, including attempted VSD closure. The majority of
children in this study had been previously studied for another objective.2
Patients with an intervention between CMR and complete repair were ex-
cluded. Examinations were performed on a 1.5-T General Electric magnet
(‘‘Signa CV/I’’; General Electric Medical Systems, Milwaukee, Wis) or
a 1.5-T Siemens scanner (‘‘Avanto’’; Siemens Medical Solutions,diovascular Surgery c Volume 146, Number 5 1185
Abbreviations and Acronyms
CMR ¼ cardiac magnetic resonance imaging
MAPCAs ¼ major aortopulmonary collateral
arteries
PA ¼ pulmonary atresia
PC ¼ as phase-contrast flow velocity
mapping
PVR ¼ pulmonary vascular resistance
Qp ¼ pulmonary blood flow
Qs ¼ systemic blood flow
TNPAI ¼ total neopulmonary artery index
ToF ¼ tetralogy of Fallot
VSD ¼ ventricular septal defect
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DErlangen, Germany). The clinical imaging protocol included static white
blood localizer views in 3 orthogonal body planes, cine imaging for ven-
tricular function assessments, as well as phase-contrast flow velocity map-
ping (PC) of the native pulmonary arteries and veins, the MAPCAs where
technically feasible, the aorta proximal and distal to the origin of each
MAPCA, and of the superior and inferior venae cavae. From the PC
CMR acquisitions, flow volumes were calculated on a commercially avail-
able workstation (Qflow 5.2; Medical Imaging Systems, Leiden, The Neth-
erlands). Systemic blood flow (Qs) was measured as the sum of superior
vena cava and descending aortic (distal to the MAPCA origins) flows. Pul-
monary blood flow (Qp) was measured as the sum of pulmonary venous re-
turn. If this was not available it was calculated by subtracting Qs from the
ascending aortic flow. Contrast-enhanced magnetic resonance angiography
was carried out in the routine fashion in the coronal plane using a bolus-
tracking technique. The 3-dimensional angiographic datasets were
reformatted using 1 of 2 commercially available offlineworkstations (‘‘Ad-
vantage Windows 4.2’’; General Electric Medical Systems, or ‘‘Leo-
nardo’’; Siemens Medical Solutions).
In addition to CMR, all patients underwent cardiac catheterization be-
fore their full repair. On the basis of the fluoroscopic angioraphy and the
operative report, the number of pulmonary segments with vascular supply
(either through native pulmonary arteries or unifocalized MAPCAs) was
determined. The native pulmonary artery and MAPCA cross-sectional
areas were determined from fluoroscopic angiography and summated to
calculate the total neopulmonary artery index (TNPAI).12 Clinical out-
comes were obtained at the time of last clinical follow-up.
Surgical Strategy and Technique
Details of the surgical strategy and technique are described elsewhere.4
Our approach is to perform 1-stage complete unifocalization and VSD clo-
sure unless there is distal MAPCA stenosis. Diminutive central pulmonary
arteries are initially rehabilitated with an autologous main pulmonary ar-
tery–aorta central shunt or a modified Blalock-Taussig shunt before unifoc-
alization. At the time of complete repair, an intraoperative flow study is
carried out by inserting an arterial cannula into the reconstructed branch
pulmonary arteries. Via this cannula, incremental flow rates of up to 2.5
L $min1 $m2 of body surface area are delivered while themean pressure
in the central pulmonary arteries is monitored. VSD closure is attempted if
the mean pulmonary artery pressure does not exceed 30 mm Hg during the
flow study, among other criteria, includingMAPCA and pulmonary arterial
morphology. After VSD closure, estimated right ventricular systolic pres-
sure obtained from the maximum tricuspid regurgitation velocity on trans-
esophageal echocardiography and simultaneous systemic systolic blood
pressure were recorded.1186 The Journal of Thoracic and Cardiovascular SurStatistical Analysis
Results are presented as means and standard deviation. Pearson correla-
tion analysis was performed to assess the association between parameters
of preoperative status and postoperative outcome.RESULTS
The mean age at CMR was 0.6 years (3 days to 15.3
years, Table 1), and weight was 6.2 kg (2.0-55.4 kg). The
patients’ preoperative, intraoperative, and postoperative in-
vestigations are listed in Table 1. Pulmonary arterial blood
supply was heterogeneous, reflecting the broad anatomic
spectrum in this disease. Eight children had not undergone
prior intervention. One patient had had unifocalization of
the left-sided MAPCAs into a pericardial pouch that was
supplied by a modified Blalock-Taussig while the right
lung was supplied by a single MAPCA. Another patient
had undergone separate ipsilateral unifocalization proce-
dures of the right and left MAPCAs, supplied via a Bla-
lock-Taussig shunt and a Mee shunt, respectively, before
CMR. In 8 children, the VSD was closed. In 1 (patient 2)
of the 2 patients who did not have closure of the
VSD, the intraoperative flow study revealed a mean
pulmonary arterial pressure of 30 mm Hg at a flow rate
of 2.5 L $ min1 $ m2. This patient had the lowest Qp/
Qs and lowest TNPAI (Table 1). In the other patient (patient
8) the pulmonary arterial pressure was 25 mm Hg, but the
patient was unable to be weaned from cardiopulmonary by-
pass and a decision was made to fenestrate the VSD. Retro-
spectively, the inability to close the VSD was thought to be
at least in part due to significant airway problems, including
compression of the right main bronchus, requiring airway
stenting. The patient died after sepsis and dislodgment of
the bronchial stent. One other patient (patient 5), who had
undergone VSD closure despite a borderline intraoperative
flow study with a mean pulmonary artery pressure greater
than 30 mmHg, died 13 months after the operation after de-
terioration of biventricular systolic and diastolic function
and multiple chest infections. In all but 2 patients an atrial
communication was either created or left patent at the
time of complete repair.
Pulmonary blood flow was calculated as the total pulmo-
nary venous return in 7 patients and by subtracting superior
vena cava and descending aortic flows from ascending aor-
tic flow in 3. Mean Qp/Qs by CMR was 1.71  0.68 (0.89-
2.72) and correlated with TPNAI (r ¼ 0.66, P ¼ .038,
Figure 1). In patients who underwent VSD closure, Qp/Qs
before complete repair correlated inversely with the intrao-
perative right ventricular systolic pressure relative to sys-
tolic blood pressure after VSD closure (r ¼ 0.75,
P ¼ .03, Figure 2). The correlation with absolute right ven-
tricular systolic pressure was not significant. TNPAI corre-
lated inversely with right ventricular systolic pressure
(r ¼ 0.79, P ¼ .02, Figure 3). The number of pulmonary
segments that received arterial supply at the time ofgery c November 2013
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Dcomplete repair did not predict intraoperative right ventric-
ular systolic pressure. Neither TNPAI, number of vascular-
ized pulmonary segments, nor Qp/Qs correlated with the
pulmonary arterial pressures during the intraoperative
flow study. Preoperative oxygen saturations did not corre-
late with preoperative Qp/Qs or TNPAI. The intraoperative
flow study results or preoperative oxygen saturations did not
correlate with absolute or relative intraoperative right ven-
tricular systolic pressures.
Clinical Scenario
A 14-year-old girl (patient 7, Table 1) with unrepaired
ToF and PAwith MAPCAs was referred for CMR and car-
diac catheterization for anatomic and hemodynamic evalu-
ation. Contrast-enhanced magnetic resonance angiography
demonstrated a single large MAPCA to the left lung with
midsegment stenosis as well as 2 closely spaced MAPCAs
from the descending aorta to the right lung (Figure 4). Phase
contrast flow velocity mapping measured 3.61 L $ min1 $
m2 (63% of total pulmonary blood flow) of blood flow to
the left lung and 2.16 L $ min1 $ m2 to the right lung
(37% of pulmonary blood flow). Flow in the rightMAPCAs
showed a hypertensive flow profile; the pattern in the left
MAPCA distal to the stenosis was continuous with high ve-
locity (Figure 4). These blood flows were interpreted in
combination with invasive pressure measurements to yield
a selective pulmonary vascular resistance (PVR) of 0.6
WU $ m2 on the left and 21.3 WU $ m2 on the right. Four-
teen years of unprotected systemic arterial blood flow to the
right lung had led to advanced pulmonary vascular disease
in the affected lung, whereas the contralateral left lung had
been protected by the narrowing within the supplying ves-
sel. The patient underwent complete repair with unifocali-
zation of the MAPCAs and VSD closure. Six days
postoperatively, the right lung perfusion ratio had further
decreased from 37% to 14% of total pulmonary blood
flow, as measured by CMR, reflecting persistent pulmonary
vascular changes from unprotected pulmonary blood flow
on the right.
DISCUSSION
The principal findings of this study are as follows:
1. Total pulmonary blood flow in patients with ToF and PA
with MAPCAs can be measured using CMR
2. Qp/Qs correlates inversely with right ventricular pres-
sure after VSD closure
3. TNPAI correlates with Qp/Qs before the operation and in-
versely with right ventricular pressure after VSD closure
In patients with ToF and PAwith MAPCAs, the goals of
pulmonary artery reconstruction are (1) the recruitment of
a maximum number of alveolae into the pulmonary circula-
tion for gas exchange and (2) the creation of a low-
resistance vascular bed to receive the total right ventricularThe Journal of Thoracic and Carcardiac output, making it possible to septate the ventricles.
Strategies toward both goals include stimulating growth of
the intrapericardial (‘‘native’’) pulmonary arteries via an
aortopulmonary shunt or ductal stenting and/or to connect
the maximum number of MAPCAs to the right ventricular
outflow tract. Whether or not a patient is ready for VSD clo-
sure is difficult to predict in clinical practice. ‘‘Borderline’’
patients face the risk of right ventricular hypertension and
failure after complete repair with VSD closure. On the other
hand, a potentially unnecessary staging of the repair, defer-
ring VSD closure into the future, carries the burden of addi-
tional interventions and a persistent shunt across the VSD.12
The status of the pulmonary vascular bed has been identi-
fied as a crucial determinant of successful complete repair.1
Ultimately, the ability to close the VSD is a function of total
PVR, which dictates pulmonary blood flow in light of a fi-
nite pressure that the right ventricle is able to generate. Con-
sequently, if the combined PVR of both lungs is known
preoperatively, it should be possible to predict whether clo-
sure of the VSD will be tolerated, provided that ventricular
function is normal and that there is no proximal pulmonary
artery obstruction. Traditionally, anatomic information, ob-
tained either by direct inspection or fluoroscopic angiogra-
phy, has been used to characterize the status of the patient’s
pulmonary vasculature. The Nakata, McGoon, and total
neopulmonary artery indices are attempts to quanitify this
status, assuming that arterial size and cross-sectional area
are predictive of total PVR.13 In fact, TNPAI correlated
with right ventricular systolic pressures after VSD closure,
supporting the notion that the total cross-sectional area of
the vessels supplying the lungs and not necessarily their em-
bryologic origin as either MAPCAs or native pulmonary ar-
teries is a key determinant of postoperative pulmonary
artery pressure.1,13-16
Although it is intuitive that TNPAI yields information
about the pulmonary vascular bed, the principal limitation
of vessel size indices is that pulmonary vascular physiology
is not directly assessed but merely inferred from morpho-
logic appearance. Furthermore, TNPAI does not take into
account peripheral stenoses and pulmonary vascular
changes that are common in this condition. We2 were re-
cently able to show that a functional parameter—central
pulmonary pressure in response to a standardized flow via
cardiopulmonary bypass after VSD closure—was a more
important predictor of postoperative outcomes than TNPAI.
In line with these results, the Stanford group found that the
use of routine intraoperative flow studies led to fewer cases
in which the VSDs had to be reopened.1 One fundamental
benefit of intraoperative flow studies is that it takes into ac-
count the technical adequacy of the repair. Despite the use-
fulness of intraoperative flow studies, it would have obvious
advantages to have functional information on the pulmo-
nary vascular bed before the operation: the information
would be available for surgical decision making anddiovascular Surgery c Volume 146, Number 5 1187
TABLE 1. Demographic, surgical and imaging data
Patient
No.
Age at
CMR (y)
O2 saturation
at CMR (%)
Qp (L $ min1 $ m2)
by CMR
Qp/Qs
by CMR
TNPAI (mm2/m2)
by fluoroscopic angiography
Age at complete
repair (y)
1 15.3 82 5.51 1.30 95.7 16.2
2 0.5 81 4.5 0.89 62.8 1.6
3 1.0 78 4.73 1.23 180.8 1.3
4 0.6 70 4.34 2.11 333.7 0.7
5 0.9 80 7.38 2.72 174.0 1.0
6 0.0
7 d
88 4.96 1.06 164.0 4.0
7 14.1 83 6.2 2.58 297.0 15.0
8 0.2 80 4.1 1.37 162.3 0.5
9 2.4 90 4.72 0.94 149.8 2.6
10 0.0
3 d
95 3.46 1.58 132.5 0.5
CMR, Cardiac magnetic resonance; O2, oxygen; Qp, pulmonary blood flow; Qs, systemic blood flow; TNPAI, total neopulmonary artery index; PA, pulmonary arteries;
VSD, ventricular septal defect; RVsp, right ventricular systolic pressure; BPsys, systolic blood pressure; SD, standard deviation. *At a flow rate of 2.5 (L $min1 $m2) of cardiac
bypass flow. yInability to close the VSD was believed to be in part due to severe obstruction of the right main bronchus.
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Dprocedural planning, and the conditions would be more rep-
resentative of the true physiology than on cardiopulmonary
bypass with suboptimally expanded lungs.
One of the major strengths of CMR is the ability to pro-
vide functional information,17,18 which has allowed us to
tighten the margins of error in surgical decision making in
complex congenital heart disease.4 Blood flow measure-
ments, in particular, have proven to be a great asset in the
evaluation of complex shunt lesions.3,19-21 Flow evaluation
by CMR has distinct advantages over other functional
assessments: in contrast to cardiac catheterization, it is
noninvasive (except for the sedation or anesthesia that is
often required when examining neonates and infants with
magnetic resonance) and uses no ionizing radiation. These
properties make CMR a suitable tool for serial follow-up
examinations in patients who undergo interventions with
the goal to recruit additional pulmonary vasculature, to pro-
mote growth of the central pulmonary arteries, and/or to
lower PVR before complete repair.FIGURE 1. Correlation between preoperative total to pulmonary/sys-
temic blood flow ratio (Qp/Qs) and preoperative total neopulmonary artery
index (TNPAI).
1188 The Journal of Thoracic and Cardiovascular SurIn patients with ToF and PA with MAPCAs, pulmonary
blood flow can be obtained using PC CMR using 1 of 3
strategies: (1) direct measurement of MAPCA flow, (2) sub-
traction of aortic blood flow distal from flow proximal to the
MAPCA origin(s), or by (3) the sum of pulmonary venous
return. Particularly in patients with complex MAPCA anat-
omy, option 3 is technically easiest. The accuracy of PC
measurements of pulmonary venous flow has been demon-
strated.18,21 We3 and others22 have used this technique to
determine aortopulmonary collateral flow in small children
with single ventricle physiology.
In the cohort studied here, CMR derived pulmonary blood
flow (relative to systemicbloodflow)predicted intraoperative
right ventricular systolic pressures after VSD closure (rela-
tive to systolic blood pressure). The link between the 2 is total
PVR, inasmuch as both parameters are functions of total
PVR (in the absence of outflow tract and pulmonary artery
obstruction). In fact, PVR is defined as the ratio of the pres-
sure gradient across a vascular bed and the flow through it.FIGURE 2. Correlation between preoperative total to pulmonary/sys-
temic blood flow ratio (Qp/Qs) and intraoperative right ventricular systolic
pressure, relative to systolic blood pressure.
gery c November 2013
PA pressure
during intraoperative
flow study (mm Hg)*
No. of pulmonary
segments that were vascularized
after complete repair VSD closure
Intraoperative
RVsp (mm Hg) RVsp/BPsys Alive?
25 14 Yes 83 0.755 Yes
30 15 No NA NA Yes
23 18 Yes 63 0.833 Yes
24 16 Yes 35 0.530 Yes
30 14 Yes 50 0.625 No
17 14 Yes 62 0.756 Yes
11 18 Yes 40 0.444 Yes
25 18 Noy NA NA No
15 18 Yes 53 0.736 Yes
13 15 Yes 52 0.684 Yes
TABLE 1. Continued
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flow can be used to predict PVR.19 Longstanding exposure
of the pulmonary vascular bed to high flow and systemic
pulsatile perfusion pressure can result in irreversible pulmo-
nary hypertensive changes, as illustrated by our clinical
case. Stenosis along the MAPCA course, on the other
hand, may protect the dependent lung segments from irre-
versible damage. Therefore, it seems reasonable to specu-
late that a high preoperative Qp/Qs is reflective of
unobstructed pulmonary blood flow and a compliant vascu-
lar bed and, therefore, conveys good candidacy for VSD
closure. A low Qp/Qs, on the other hand, warrants further
investigation to differentiate between small vessel disease
and proximal stenosis. For detailed surgical planning, not
only the total, but also the unilateral PVR indices for each
lung, or even each territory supplied by a defined MAPCA,
are of interest. The quantification of unilateral PVR requires
selective pressure as well as flow measurements. Indicator
dilution techniques such as the Fick method to measure
blood flow are not applicable here because the oxygenFIGURE 3. Correlation between preoperative total neopulmonary artery
index (TNPAI) and intraoperative right ventricular systolic pressure after
ventricular septal defect closure, relative to systolic blood pressure.
The Journal of Thoracic and Caruptake in each lung cannot be assessed independently of
the other lung. The combination of invasive manometry
and flow measurements by PC CMR described here is the
only clinically feasible method to measure unilateral
PVR.20 To our knowledge, this is the first reported case of
unilateral PVR calculation in a clinical setting, using PC
CMR for flow assessment.Limitations
Several limitations pertaining to this study are worth
mentioning: the cohort size was small, limiting statistical
power. Further, the interval between CMR and complete re-
pair was considerable in some patients. Qp, if measured as
the total pulmonary venous return, falsely includes a contri-
bution from the bronchial arteries, thought to be about 6%
of cardiac output. Qs, on the other hand, does not take into
consideration the blood flow in the coronary arteries. How-
ever, these deviations from true Qp and Qs, respectively, are
thought to be lower than the measurement inaccuracies of
PC CMR.CONCLUSIONS
CMR provides not only anatomic but also functional in-
formation for surgical decision making in children with ToF
and PA with MAPCAs. Pulmonary blood flow in patients
with this anomaly can be quantified by CMR. Preoperative
Qp/Qs correlates with post-VSD closure RV systolic pres-
sures. For a comprehensive and selective evaluation of pre-
operative PVR, invasive pressure measurements ideally are
combined with CMR flow measurements. We anticipate
that this approach will be suited to contribute to patient se-
lection for complete repair, but prospective studies in
a larger cohort are needed to test its ability to predict
long-term outcome after complete repair.diovascular Surgery c Volume 146, Number 5 1189
FIGURE 4. A, The volume rendered contrast-enhanced magnetic resonance angiography shows a tortuous obstructed major aortopulmonary collateral
artery (MAPCA) to the left lung, arising from the left subclavian artery (arrow) and a widely patent MAPCA to the right lung from the descending aorta
(asterisk), seen from posterior. Flow velocity profiles in the left (B) and right (C) MAPCAs. The left MAPCA shows a poststenotic flow profile with high
velocity continuous flow whereas the flow profile in the right MAPCA exhibits hypertensive changes, including an early systolic peak, an accessory peak in
late systole (arrow), and an undulating baseline with multiple peaks (arrowheads) throughout diastole.
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